The atomic and electronic structure of the ͓0001͔/(1 2 3 0) ⌺ϭ7 symmetric tilt boundary in ZnO has been investigated by an ab initio plane-wave pseudopotential method within the local-density approximation. Two types of equilibrium geometries are obtained with similar boundary energies. Atomic arrangement is largely reconstructed to vanish dangling bonds in one configuration, whereas the other shows small bond distortion but has dangling bonds at the boundary core. The balance between the energies for deforming atomic arrangements and vanishing dangling bonds should be significant in determining the boundary energies. The electronic structure of the grain boundaries is discussed with a special interest in the relationship with the bond disorder. Owing to the bond distortion and/or the presence of the dangling bonds, localized states form mainly at the lower valence band and the bottom of the upper valence band. On the other hand, the electronic states in the vicinity of the band gap are not significantly affected by the bond disorder. Deep electronic states are not generated in the band gap even for the configuration with dangling bonds. This behavior can be generally explained by the band structure intrinsic to ZnO.
I. INTRODUCTION
Grain boundaries have attracted much attention due to the significant roles in the mechanical and electrical properties of polycrystalline materials. The variety of the atomic arrangement, chemical composition, and electronic structure of the grain boundaries, however, has made it difficult to access the microscopic origins of the boundary-induced properties in general. It has therefore been required to investigate simple boundaries such as the coincidence site lattice 1 ͑CSL͒ boundaries systematically. CSL boundaries are often observed in chemical-vapor-deposited films of semiconductors such as Si and SiC. 2, 3 On the other hand, they are not necessarily representative in sintered materials. However, the local atomic and electronic structure of the CSL boundaries should have features common to arbitrary boundaries. The systematic knowledge of the CSL boundaries is therefore useful in understanding the atomic and electronic structure that governs macroscopic properties originating from boundary regions. For metal oxides, CSL boundaries have been investigated both experimentally [4] [5] [6] [7] [8] [9] [10] and theoretically [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] in order to elucidate the atomic structure. Recently, the electronic structure has been revealed for some CSL boundaries likewise. [22] [23] [24] [25] In the present study, we investigate the atomic and electronic structure of the ͓0001͔/(1 2 3 0) ⌺ϭ7 symmetric tilt boundary in ZnO by an ab initio plane-wave pseudopotential method. Grain boundaries in ZnO are interesting especially for the nonlinear current-voltage characteristics, which are widely utilized as varistors. [26] [27] [28] The origin of the characteristics is attributed to the double Schottky barrier based on the interfacial electronic states. 29, 30 In ZnO varistors, deep interfacial states have been observed at 0.6-1.0 eV below the bottom of the conduction band. [31] [32] [33] [34] [35] A number of reports on the nonlinear properties suggest that the formation of the interfacial electronic states is related to the presence of some impurities and/or excessive oxygen at the grain boundaries. [36] [37] [38] [39] [40] [41] [42] [43] [44] However, it should be significant to understand the electronic structure originating from the deformed atomic arrangements at the grain boundaries themselves, differentiating from the extrinsic effects by the impurities and the defects associated with the oxygen excess. For this purpose, we opt to investigate the stoichiometric configurations of the ⌺ϭ7 symmetric tilt boundary in ZnO.
We have previously modeled the ⌺ϭ7 boundary using empirical interatomic potentials. 25 Two types of equilibrium geometries with and without dangling bonds were found to have the lowest grain-boundary energies of similar magnitude. Although the empirical potentials were confirmed to reproduce the bulk properties of ZnO well, there may have been some systematic errors on the boundary geometries and energies.
The first objective of the present study is the evaluation of the boundary geometries and energies in a quantitatively reliable manner based on the ab initio method. We eventually find that the equilibrium geometries and energies of the ⌺ ϭ7 boundaries of ZnO obtained by the empirical method are qualitatively the same as those obtained by the present ab initio method.
The second objective is the elucidation of the effects of the bond disorder on the electronic structure. This is essential to bridge the boundary-induced electrical properties and the atomic arrangements. As a consequence, we find that the electronic states in the vicinity of the band gap are not significantly affected by bond distortion and the presence of dangling bonds. Deep electronic states are not recognized in the band gap even for the configuration with dangling bonds. These results can be generally explained by the band structure intrinsic to ZnO. Deep interface states observed for ZnO varistors should not be attributed solely to bond disorder at stoichiometric boundaries.
II. METHODOLOGY
The ab initio calculations were performed using a planewave pseudopotential method 45 within the local-density approximation ͑LDA͒. 46 The self-consistent total energy in the ground state was obtained by the conjugate-gradient electronic minimization technique, 47 which has been reported to be very efficient for semiconducting/insulating large systems. 48 Atomic positions were iteratively relaxed according to the Hellmann-Feynman force 49 to achieve the optimum geometry.
Troullier-Martins-type pseudopotentials 50 were constructed for neutral Zn and O atoms. The valence electron configurations of (3d) 10 (4s) 2 (4p) 0 and (2s) 2 (2p) 4 and the cutoff radii of 2.34 bohr ͑1.24 Å͒ and 1.35 bohr ͑0.71 Å͒ were chosen for Zn and O, respectively. These pseudopotentials were used in the Kleinman-Bylander form 51 with the local components of s for Zn and p for O.
To begin with, we made calculations for the perfect crystal of ZnO to check the applicability of the pseudopotentials. The lattice constants and internal parameter were optimized for the four-atom primitive cell with a plane-wave cutoff energy of 100 Ry ͑1360 eV͒ and six special k points in the irreducible part of the Brillouin zone. 52 The results are listed in Table I . The calculated values show small deviations from the experimental ones. For this optimized geometry, eigenstates were calculated at 125 k points in the irreducible part of the Brillouin zone. The density of states ͑DOS͒ was then obtained by substituting Gaussian functions of 0.5 eV full width at half maximum ͑FWHM͒ for the eigenstates. The shape of the DOS, which will be shown later in Fig. 4 , was confirmed to be very similar to those reported. 25, 54, 55 For the calculation of the ͓0001͔/(1 2 3 0) ⌺ϭ7 symmetric tilt boundary, the geometries modeled in our previous study 25 were employed as initial configurations. We calculated the equilibrium geometries using empirical potentials that are composed of the long-range electrostatic potential with formal ionic charges and the short-range two-body potentials in the Buckingham form. 56 As a result, some types of equilibrium configurations were obtained with different translation states of the two half-crystals. Among them, we chose two configurations with the lowest and the second lowest boundary energies as the initial configurations in the present study. The atomic structures are shown in Fig. 1 . Boundary A was obtained with the translation states of 0.5 and 0.41 in fraction of the unit boundary lengths for the x and y directions, respectively. The translation in the z direction, which corresponds to the volume expansion normal to the interface, was 0.6 Å. The boundary energy was calculated to be 1.37 J/m 2 by the empirical method. In the ͓0001 ͔ view, the bulk region of the wurtzite structure looks like a sequence of sixfold-coordinated channels, whereas the boundary core structure is constructed by a sequence of fourfold-and eightfold-coordinated channels. All of the atoms have complete fourfold coordination of the first nearest neighbors. In other words, there are no dangling bonds in this boundary.
Boundary B has the translation states of 0.5, 0 in fraction, and 0.9 Å for the x, y, and z directions, respectively. At the boundary core, there are large open channels along the ͓0001͔ direction. Some atoms adjacent to the channels have lost one of the first nearest neighbors, which are labeled d to signify dangling bonds. The number of dangling bonds is four per unit boundary area. Despite the presence of the dan- gling bonds, the boundary energy was calculated to be only 0.11 J/m 2 higher than that of boundary A by the empirical method.
For these boundaries, we constructed 80-atom supercells that contain two identical boundaries to match threedimensional periodic boundary conditions, as will be shown later in Fig. 3 . The supercells have the glide-plane symmetry with respect to the x-z plane. First the atomic positions in the supercells were redetermined by the empirical calculation under three-dimensional periodic boundary conditions. In these calculations, the relaxation for twelve atoms located between the two boundaries was restricted within the rigidbody translation parallel to the y direction. The resultant geometries were very similar to the ones shown in Fig. 1 . The cell dimensions and the atomic coordinates in the x direction were then changed on the basis of the lattice constants and internal parameter optimized by the ab initio method, which are shown in Table I .
For the calculation of the 80-atom boundary supercells, a plane-wave cutoff energy of 100 Ry and 1 k point at the center of the irreducible part of the Brillouin zone, which is one quarter in volume, were employed. In order to test the convergency with respect to cutoff energy, calculations with the cutoff energies ranging from 70 to 95 Ry were also done. Figure 2 shows the grain-boundary energies as a function of cutoff energy, which were calculated as half the difference between the total energy of the boundary supercell and 20 times the total energy of the bulk primitive cell. With the cutoff energy of 100 Ry, the boundary energies are satisfactorily converged: the cutoff energies more than 80 Ry give the convergence within 0.02 J/m 2 ͑0.0012 eV/Å 2 ͒ or 0.05 eV per boundary in the supercell.
The geometry optimization was performed under the condition that the relaxation for twelve atoms located between the two boundaries in the supercells was restricted within the rigid-body translation parallel to the y direction, as in the empirical calculations for the construction of the initial configurations. The optimization procedure was truncated when all the residual forces for the unrestricted atoms became less than 0.2 eV/Å.
In order to discuss the one-electron structure, eigenstates were calculated at nine k points in the irreducible part of the Brillouin zone for the boundary supercells. In this case, the plane-wave cutoff energies of 80 Ry were employed because of computational economy: with the cutoff energy, the energies of eigenstates at the ⌫, A, H, K, L, and M points for the bulk primitive cell converged within 0.006 eV relative to the results with the cutoff energy of 100 Ry, and the grainboundary energies per unit boundary area converged within 0.05 eV as shown in Fig. 2 . The electronic structure specific to the grain boundary will be discussed using a local population and a local density of states ͑LDOS͒. The local population in a region ␣ for an eigenstate is defined as
where i,k ␣ (r) indicates the wave function for the ith eigenstate at the kth k point. Since the wave function is normalized, P i,k ␣ ranges from 0 to 1. A larger population indicates that the localization of an electronic state on a region is higher. We classified the boundary supercells into two regions, the ''grain-boundary region'' where the boundary core exists and the other which is called the ''quasibulk region,'' as will be shown later in Fig. 3 . These regions were chosen to be half in volume, respectively. The local populations were calculated by numerical integration using 64 ϫ128ϫ128 mesh points in respective regions. The LDOS was obtained by substituting Gaussian functions of 0.5 eV FWHM for the local populations at respective electronic states.
III. RESULTS AND DISCUSSION
A. Atomic structure and energetics Figure 3 shows equilibrium boundary geometries calculated by the ab initio method. For both the boundaries, all the deviations of the atomic positions from the basal planes are less than 0.2 Å in the ͓0001 ͔ direction. The basal planes can therefore be regarded as continuous across the interfaces.
The calculated geometries are very similar to the initial ones made by the empirical method. The translation states are kept unchanged through the geometry optimization. The atomic structure of these boundaries can therefore be dealt with qualitatively by the empirical potentials. Quantitatively speaking, however, atomic positions are slightly different. For boundary A, the positions of the atoms composing fourfold channels are relaxed by 0.14 Å at maximum from the initial configuration. For boundary B, the atoms with dangling bonds showed the largest relaxation: the Zn atoms have moved toward the bulk region by 0.08 Å, whereas the O atoms toward the open channels by 0.18 Å. In the resultant local geometry, the Zn atoms are located closer to the bulk region by 0.25 Å. This behavior is similar to surface rumpling in which smaller cations relax more inwardly than larger anions on the surface. For the (101 0) surface of ZnO, rumpling features have been recognized both experimentally and theoretically: Duke et al. 57, 58 have reported that the amounts of the relaxation for the Zn and O atoms are different by 0.2-0.4 Å on the basis of the analysis of low-energy Grain-boundary energies calculated by the ab initio and the empirical methods are listed in Table II . To investigate the cell size dependence, empirical calculations were performed for supercells of three sizes. Even for the largest 304-atom cells, the resultant boundary energies are slightly different from our previous results obtained by the calculation under two-dimensional periodic boundary conditions, 1.37 and 1.48 J/m 2 for boundaries A and B, respectively. 25 This should be due to the difference in cell size and/or boundary conditions.
The ab initio results show that the energies of boundaries A and B are nearly the same. This tendency is common to all the empirical results for the supercells with respective sizes. Although the empirical results suggest that the boundary energies have not fully converged with respect to cell size for the 80-atom supercells, boundaries A and B are likely to have similar boundary energies within the ab initio method used in the present study.
Comparing the results for the 80-atom supercells, the boundary energies calculated by the empirical method are not so much different from the results by the ab initio method. The grain boundaries in ZnO are likely to be dealt with fairly well in energy by the empirical method based on the fully ionic model, as well as in geometry. This may be due to considerable ionicity of ZnO, which was also suggested by the distribution of the valence charge density. Table III summarizes the distribution of the bond lengths and angles for the first and the second nearest neighbors in the grain-boundary supercells. For the second nearest neighbors, atom pairs which give the bond length of less than 3.5 Å are chosen. The bond properties for the bulk ZnO, where two types of bonds are present for the first and the second nearest neighbors, respectively, are also shown for comparison.
Regarding the first nearest neighbors, the average of bond lengths in boundary A deviates from the bulk average more than that of boundary B. Likewise, the standard deviation, i.e., the deviation from the average, is larger. This tendency in standard deviation is also recognized for the bond angles and the bond lengths between the second nearest neighbors although the averages are not so much different between boundaries A and B. At the core of boundary A, the large distortion of the bonds between the first nearest neighbors is required to preserve the complete fourfold coordination. The lengths and the angles are thus disturbed by 10.3% and 33.1% at maxima relative to the bulk averages, respectively. In addition, the second nearest neighbors of like sign are forced to be very close to each other around the fourfold channels: the bond lengths are reduced by 22.9% at maximum.
Boundary B also has fourfold channels at the boundary core but the number is a half of that for boundary A. The atoms composing the fourfold channels show similar bond distortions to those in boundary A. The bonds associated with the atoms possessing dangling bonds are also different from the bonds in the bulk. The bond lengths between the first nearest neighbors are 2.1-5.1 % shorter than the bulk average. The 5.1% is the largest deviation in this geometry.
Except for the contributions of the atoms composing the fourfold channels and the atoms possessing dangling bonds, the bond distortion is very small in boundary B, as can be recognized in Fig. 3 . The small bond distortion should be favorable in reducing the boundary energy. On the other hand, some energy penalty must have been paid due to the presence of the dangling bonds. The balance of the two contributions in opposite sign may have resulted in nearly the same boundary energy as that of boundary A. Thus, the equilibrium core structures with and without dangling bonds are suggested to be present with similar energies in the ⌺ϭ7 boundary of ZnO. Although there has been no experimental observation for the ⌺ϭ7 boundary as far as we know, an analogy in atomic arrangement can be found between the present boundaries and other tilt boundaries in literature. Kiselev et al. have reported highresolution images of the ͓0001͔ ⌺ϭ13 boundary in a ZnO bicrystal. 9 They found some types of core structures in the tilt boundary. The core structures are constructed by a sequence of channels with coordination numbers close to six. In the present results, the core structure of boundary A is also constructed by a sequence of channels. An important difference is that there are only the channels with even coordination numbers in boundary A, whereas a number of fivefoldand sevenfold-coordinated channels are recognized in the high-resolution images reported by Kiselev et al. The odd coordination number is inconsistent with the ionic nature of ZnO since it means that at least two first nearest neighbors of like sign are present per channel. We cannot clearly explain the observation of such many odd coordination numbers at the present moment. It may be significant for the observed structures to take atomic displacement along the ͓0001͔ direction into account: if the displacement is indeed large, the actual coordination number can be even for the channels whose coordination numbers look odd from the ͓0001͔ direction.
A core structure with large open channels and dangling bonds has been observed in the ͓001͔/͑310͒ ⌺ϭ5 symmetric tilt boundary of NiO by Merkle and Smith. 4 Likewise, atomistic simulations on the ⌺ϭ5 boundaries in NiO and MgO have suggested that core structures with large open channels and dangling bonds have the lowest boundary energies at the ground state although the calculated structures are somewhat different from the observed one. 11, 16, 18, 21 In the present study on the grain boundary of ZnO, a similar core structure is obtained as one of the equilibrium configurations with the lowest boundary energies. The equilibrium core structures with dangling bonds have also been recognized for the tilt boundaries in TiO 2 and Al 2 O 3 .
6,7,10,14,23 The energy gain by vanishing dangling bonds may not necessarily be dominant in determining boundary energy for metal oxides with ionicity. In ionic materials, it should be quite unfavorable in energy to make ions of like sign closer to each other. Since large reconstruction of atomic arrangements should be accompanied by such an energy penalty, core structures with dangling bonds may be favorable at some boundaries rather than being reconstructed largely to vanish dangling bonds. For covalent materials such as Si and SiC, on the other hand, it has been reported that the energy penalty produced by the presence of dangling bonds are so large that atomic arrangements tend to be reconstructed to eliminate dangling bonds.
2,3,61,62 A further systematic study will allow us to elucidate the grain-boundary geometry more clearly in terms of chemical bonding character. Figure 4 shows the LDOS for the grain-boundary supercells. The grain-boundary and quasibulk regions are chosen to be half in volume, respectively, as shown in Fig. 3 . In terms of the number of atoms, however, they are not half since there is volume expansion associated with the presence of the interface: the boundary regions contain 0.47 and 0.46 times the 80 atoms for boundaries A and B, respectively, and the quasibulk regions contain the rest. In comparison, the DOS for the bulk primitive cell is superimposed on the LDOS's: the bulk DOS is normalized by the number of atoms in each region of the boundary supercells. The shape of the bulk DOS is confirmed to be very similar to the reported LDA results. 25, 54, 55 In the bulk ZnO, the lower valence band located at about Ϫ17 eV is composed mainly of O 2s, while the upper valence band situated between Ϫ7 and 0 eV is composed mainly of Zn 3d and O 2p. Above the band gap, the unoccupied conduction band is constructed mainly by Zn 4s and 4 p. Near the bottom of the conduction band, the density of states is very small due to the large dispersion of the constituent band. For the bulk primitive cell of ZnO, the band gap was calculated to be 0.76 eV. This value is considerably smaller than the experimental one of 3.30 eV. 63 In addition, the peaks associated with Zn 3d, which is located between Ϫ7 and Ϫ4 eV, is about 2.5 eV higher in energy than that observed by x-ray photoelectron spectroscopy. 64, 65 It has been known that these discrepancies are associated with the LDA. 54, 66 Vogel, Krüger, and Pollmann have made LDA calculations including the self-interaction and electronic relaxation corrections. 66 Their results showed that the band gap and the position of the 3d-associated peaks became much closer to the experimental ones with these corrections. However, the character of the electronic states near the band edges seems not to be affected significantly by the corrections. We therefore believe that the effect of bond disorder on the electronic structure, which is expected to appear mainly at band edges, can be discussed without the corrections.
B. Electronic structure
The LDOS's for the boundary and quasibulk regions in the boundary supercells are somewhat different from each other. In the quasibulk regions, the electronic structure is expected to be similar to that for the bulk. However, the shapes of the LDOS's, especially the peaks located at about 8.5 eV in the conduction band, are slightly affected. This seems to be caused by the small disturbance of atomic arrangements and/or interactions with the boundary regions.
In the boundary regions, the shapes of the LDOS's are flatter in general than those for the LDOS's in the quasibulk regions and the bulk DOS. The lower and upper valence bands are wider. This indicates that the electronic states associated with the grain boundaries are present at the valence band edges. For the conduction band, the density of states in the energy range of about 2-5 eV is slightly higher than that of the bulk. Grain boundary states should form here likewise. It is interesting that these main features in the LDOS's are common to boundaries A with large bond distortion and no dangling bonds, and boundary B with small bond distortion and some dangling bonds. The bond distortion and the presence of the dangling bonds seem to show similar effects on the shape of the LDOS.
We now focus on the electronic states in the vicinity of the band gap since they are important for the boundaryinduced electrical properties of ZnO. The bulk primitive cell exhibited the direct band gap at the ⌫ point. In other words, the top of the valence band and the bottom of the conduction band were given at the ⌫ point. This feature was also recognized for both boundaries A and B supercells. We therefore discuss the electronic states at the ⌫ point for the boundary supercells. Figure 5 shows the local population in the grainboundary regions for the electronic states at the ⌫ point. A larger population indicates that the localization of the electronic state on the boundary region is higher. When electronic states delocalize ideally and/or are constructed equally by the contributions from the grain-boundary and quasibulk FIG. 4 . Local density of states ͑LDOS͒ for the supercells of ͑a͒ boundary A and ͑b͒ boundary B. The upper and the lower show the LDOS's in the grain-boundary ͑GB͒ and quasibulk ͑QB͒ regions, respectively. The DOS for the bulk primitive cell is also shown with dotted curves, which is normalized by the number of atoms in each region. The top of the valence band for the bulk primitive cell is chosen as 0 eV. The LDOS's for the boundary supercells are shifted to align the average of the lower valence band in the quasibulk region with that for the bulk primitive cell.
regions, the local populations should be 0.47 and 0.46 for boundaries A and B, respectively, on the basis of the number of atoms in the boundary regions. We use these values as references of the local populations. As mentioned above, these are slightly smaller than 0.5 due to the volume expansion normal to the interface.
In the lower valence band situated at about Ϫ17 eV, electronic states with large populations, which are constructed mainly by O 2s in the grain boundary regions, distribute through the band for both the boundaries. In the upper valence band situated between Ϫ7 and 0 eV, electronic states with large populations appear mainly near the band bottom. These states should consist mainly of Zn 3d in the boundary regions. The localization is recognized more clearly for the boundary B, presumably due to the effects of the danglingbonds associated with Zn 3d. Some states somewhat below the top of the valence band also show large populations for both the boundaries. On the other hand, the local populations at the band top, 0.56 and 0.53 for boundaries A and B, respectively, deviate only slightly from the reference values. This indicates that the electronic states do not localize significantly on the boundary regions.
In the conduction band, the electronic states with relatively large populations are recognized at about 1 eV above the bottom for both the boundaries. At the bottom, the local populations are 0.51 and 0.50 for boundaries A and B, respectively. The localization is quite low, as the top of the valence band is.
The features in local population were very similar at the other k points: for both boundaries, electronic states localizing highly on the boundary regions appear mainly in the lower valence band and near the bottom of the upper valence band. Likewise, the electronic states closest to the top of the valence band or the bottom of the conduction band do not localize significantly on the boundary regions. In the vicinity of the band gap, the shape of the LDOS's is therefore very similar to that of the bulk DOS although the apparent band gaps, 0.60 and 0.67 eV for boundary A and B supercells, respectively, are slightly smaller than the bulk gap of 0.76 eV. Deep interfacial electronic states are not recognized even for the boundary B with dangling bonds.
For the (101 0) surface of ZnO, specific states have been reported to form at both the edges of the lower valence band and the bottom of the upper valence band, 59 as is the case with the boundaries dealt with in the present study. For the surface, a state associated with O 2p dangling bonds has also been reported to appear slightly above the top of the upper valence band. In the present study, such a state is not clearly recognized for boundary B with dangling bonds: localized states associated with O 2p dangling bonds seem to form somewhat below the top of the upper valence band. Since the Zn and O atoms with dangling bonds face each other across the open channels in the boundary geometry, the effect of the dangling bonds may be reduced.
For the surface, it has also been reported that the electronic structure near the conduction band bottom is very similar to that of the bulk. This feature is common to the boundaries in the present study. The conduction band in ZnO seems not to be significantly affected by the bond disorder at the surface and interfaces.
In order to understand the character of the conduction band, the spatial distribution of the wave function at the conduction-band bottom is investigated. Figure 6 shows contour plots for the square of the absolute value of the wave function on the ͑0001͒ Zn plane. For the perfect crystal of ZnO, a calculation based on the linear combination of atomic orbitals ͑LCAO͒ suggested that the conduction-band bottom is constructed mainly by bonding interactions among Zn 4s orbitals. 67 The relatively high values among the Zn atoms in Fig. 6͑a͒ also indicate the bonding character. The interactions among Zn 4s orbitals are very large at the bottom of the conduction band, which can be understood by the large dispersion of the constituent band or the small density of states shown in Fig. 4 . In other words, the electronic state at the conduction band bottom is considerably delocalized.
The interactions among Zn 4s orbitals are also recognized in the quasibulk regions for the boundary supercells. In the boundary regions, moreover, the hybridization of p and d characteristics into the s characteristic is obvious. For boundary A ͓Fig. 6͑b͔͒, such characteristics are recognized for almost all the Zn atoms composing the fourfold-and/or eightfold-coordinated channels. The values of the wave function are relatively high at these parts. For boundary B ͓Fig. 6͑c͔͒, the hybridization for the Zn atoms composing the fourfold-coordinated channels is similar to the case of the boundary A. In addition, the Zn atoms possessing dangling bonds show s-p hybridized characteristics, spreading toward the open channels. Thus, s-p and/or s-d hybridized characteristics appear in the boundary regions for both boundaries. The localization of the electronic states on the boundary regions, however, should be low since the local populations deviate only slightly from the reference values as discussed above. This is presumably due to the domination of the Zn 4s character at the bottom of the conduction band. Since the interaction among s orbitals is not very sensitive to bond angles in general, the distortion of the angles in the boundary geometries may not have affected the electronic state significantly. In addition, the effect of the dangling bonds on the electronic state seems to be small, presumably due to the delocalized character.
Thus, the effects of the bond disorder are very small for the electronic states in the vicinity of the band gap, especially for that at the bottom of the conduction band. This can be generally explained by the band structure intrinsic to ZnO as follows.
For covalent materials such as Si, Ge, and SiC, the valence band is constructed mainly by the bonding interactions between adjacent atoms, while the conduction band by the antibonding interactions. In this case, bond distortion and the presence of dangling bonds have the potential to generate electronic states in the band gap since these effects tend to diminish or vanish the splitting between the bonding and antibonding states. In practice, it has been reported that bond disorder induces highly localized electronic states around the top of the valence band and the bottom of the conduction band for tilt and twist boundaries in Si, Ge, and SiC, 62, [68] [69] [70] [71] and that such electronic states can be deep in the band gap when bond distortion is large and/or dangling bonds are present. [68] [69] [70] [71] For ZnO, its ionicity should make the valence and conduction bands consist of the interactions among like atoms in addition to the interactions between Zn and O atoms. If the former feature dominates, bond distortion and the presence of dangling bonds do not necessarily induce electronic states in the band gap: the localized electronic states associated with the bond disorder should tend to form within the valence or conduction band. Considering the electronic structure of the boundaries dealt with in the present study and the (101 0) surface reported by Schröer, Krüger, and Pollmann, 59 such a feature is likely to be strong, especially in the conduction band. In other words, the small effects of the bond disorder in the vicinity of the band gap can be attributed to such band structure of ZnO.
For the grain boundaries in other oxides such as Al 2 O 3 , TiO 2 , and SrTiO 3 , it has been reported that deep electronic states do not form either, although localized states have been recognized at the valence-and/or conduction-band edges for the boundaries of Al 2 O 3 and TiO 2 . [22] [23] [24] This behavior may also be attributed to the band structures with some ionicity in metal oxides. For the grain boundaries of ZnO dealt with in the present study, the effects of the bond disorder on the conduction-band bottom is much smaller than those in the above-noted oxides. This should be due to much higher delocalization of the conduction band in ZnO.
Thus, the absence of deep electronic states at the grain boundaries can be generally explained by the band structure intrinsic to ZnO. Bond disorder at the grain boundaries is therefore unlikely to result in the generation of deep electronic states even if arbitrary boundaries are investigated. In ZnO varistors, deep interfacial states have been observed at 0.6-1.0 eV below the bottom of the conduction band. The present results suggest that such deep states are unlikely to originate solely from bond disorder at the grain boundaries when the stoichiometry is preserved. The roles of native defects and/or impurities segregating at the grain boundaries should therefore be significant for the boundary-induced electrical properties of ZnO varistors.
IV. CONCLUSION
We have investigated the atomic and electronic structure of the ͓0001͔/(1 2 3 0) ⌺ϭ7 symmetric tilt boundary in ZnO by an ab initio plane-wave pseudopotential method. Two types of the equilibrium geometries are obtained with similar boundary energies. The atomic arrangement is largely reconstructed to vanish dangling bonds in one configuration. The other shows small bond distortion but has four dangling bonds per unit boundary area. The balance between the energies for deforming atomic arrangements and vanishing dangling bonds should be significant in determining the boundary energy.
Regarding the electronic structure, localized grainboundary states form mainly at the lower valence band and the bottom of the upper valence band due to the bond distortion and/or the presence of the dangling bonds. On the other hand, the electronic states in the vicinity of the band gap are not significantly affected by the bond disorder. Deep electronic states are not generated in the band gap even for the configuration with dangling bonds. This behavior can be generally explained by the band structure intrinsic to ZnO. The deep interface states observed in ZnO varistors should therefore not originate solely from bond disorder at stoichiometric boundaries. Native defects and/or impurities segregating at the grain boundaries should play central roles for the boundary-induced electrical properties.
